The low-global warming potential (GWP) refrigerant of R1234ze(E) is considered to be a prospective alternative to conventional R134a for car air conditioners, whereas the isomer R1234ze(Z) and R1233zd(E) are anticipated to be the low-GWP alternatives to R245fa used in high-temperature heat pumps and organic Rankine cycles. The free convective condensation and pool boiling heat transfer coefficients (HTCs) of these refrigerants on a horizontal smooth tube made of copper with an outer diameter of 19.12 mm are comparatively assessed in this study. For the condensation experiment, the measured HTCs of R1234ze(E) and R1234ze(Z) agree with the theoretical HTC within ±10%. However, the experimental HTC of R1233zd(E) is biased by +25% on average to the theoretical HTC. This suggests the considerable estimation error in R1233zd(E) transport properties. From the pool boiling observations, the role of surface tension on nucleate boiling was identified by the bubble behavior. The experimental boiling HTC closely agrees with the HTC calculated by Ribatski-Jabardo (2003 ). α heat transfer coefficient [W m -2 K -1 ] β' contact angle, 35° in Eq. (11) [deg] β thermal expansion coefficient [K -1 ] ε relative bias [ -] λ thermal conductivity [W m -1 K -1 ] µ viscosity [Pa·s] ν kinetic viscosity [m 2 s -1 ] ρ density [kg m -3 ] σ surface tension [N m -1 ] Subscripts cal calculated value exp experimental value
Ga Galileo number [ -] h enthalpy [J kg -1 ] hLV latent heat [J kg -1 ] Ja Jakob number [ -] Ka Kapitsa number (= σ 3 ρL/(gµL 4 ))
[ -] L active heat transfer length [ m ] m ɺ mass flow rate [kg s -1 ] M molar mass [kg kmol -1 ]
Pr Prandtl number [ -] pred reduced pressure ( = Psat / Pcrit) [ -] Q heat transfer rate [ Do evaluated at the tube outer diameter
Introduction
According to the numbers of atmospheric observations and market analyses (e.g., Velders et al., 2009) , the atmospheric burden caused by hydrofluorocarbons (HFCs) has been growing, and this growth is still accelerating owing to their longevity and long application lifecycles. Lunt et al. (2015) reported that the CO2-equivalent emissions of five HFCs (R134a, R125, R143a, R32, and R152a) increased from 198 Tg-CO2-eq·yr -1 in 2007 to 275 Tg-CO2-eq·yr -1 in 2012.
According to an in-situ measurement conducted by O'Dohenrty et al. (2014) from 2003 to 2012, the mole fraction in the troposphere was estimated to be 13.4 ppt for R143a and 6.2 ppt for R32 in 2012. Velders et al. (2012) suggested HFC mitigation scenarios with political regulations and concluded that shifting from HFCs to alternative substances with low global warming potential (GWP) will become as important as maintaining energy efficiencies.
The GWPs of hydrofluoro-olefins such as R1233zd(E), R1234ze(E), and the isomer R1234ze(Z), were recently reported to be less than one in IPCC 5AR by Myhre et al. (2013) . These substances, especially R1234ze(E), have been intensively studied recently (e.g., Brown et al., 2010) . R1234ze(E) is considered a prospective alternative to conventional R134a for car air conditioners, whereas the isomer R1234ze(Z) and R1233zd(E) are anticipated to be the low-GWP alternatives to R245fa used in industrial high-temperature heat pumps, organic Rankine cycles, and so on. Cavallini et al. (2014) evaluated the performance potential of 13 substances including R1234ze(E) and R1234ze(Z) using the second law analysis. Fukuda et al. (2014) suggested that R1234ze(Z) can exhibit higher performance at higher operating temperatures. Nevertheless, the information on their physical properties has not been reported sufficiently for more specific evaluation. The equation of state was proposed for R1234ze(E) and R1234ze(Z) by Akasaka (2011) and Higashi et al. (2014) . For 1233zd(E), the thermodynamic properties and a few transport properties were measured by Hulse et al. (2012) . The transport properties of R1234ze(E) were reported by Perkins and Huber (2011) , and they are included in REFPROP 9.1 (Lemmon et al., 2013) . However, adequately validated transport properties of R1234ze(Z) and
R1233zd(E) are not available in the published literature to date, which makes the prediction of heat transfer performance difficult.
Heat transfer performance is a very important factor for determining the irreversible losses in heat exchangers; thus, understanding its characteristics is essential for a complete assessment of the above-mentioned new low-GWP refrigerants. In particular, the data on the free convective condensation and pool boiling are fundamental to the evaluation of the performance of all kinds of heat exchangers used in heat pumps. From the above significance, this study presents the condensation and pool boiling heat transfer coefficients (HTCs) on a horizontal plain tube for the new low-GWP refrigerants. From the experimentally quantified HTCs and visualization results, the HTCs of the new refrigerants are compared to that of the conventional one and the effects of thermophysical properties on HTCs are discussed. To confirm the applicability of the predicting correlations to the new refrigerants, the experimental HTCs are compared to the predicted HTC by the correlations proposed for conventional refrigerants. Fig. 1 explains the experimental apparatus used in this study. This apparatus is a natural circulation system, which consists of cooling and heating water circuits, and a refrigerant circuit, as illustrated in Fig. 1 (a thermocouples installed circumferentially around the test tubes. The tube wall temperature is obtained using an electric resistance method. As shown in Fig. 1 (b) , the test tubes are electrically insulated from the stainless steel chambers and copper piping by plastic sleeves and tubes. Constant direct current is applied to the test tube from just outside the chamber, and the voltage drop over the heat transfer length is measured so that the tube wall temperature can be obtained from the change in electric resistance of the test tube. The plastic-core cylinder is set in the test tube to increase water velocity and improve the water side HTC. Table 2 . The experiments were conducted at saturation temperatures from 20 °C to 60 °C and wall subcool from 0.77 K to 28.81 K for condensation, and saturation temperatures from 10 °C to 60 °C and wall superheat from 1.19 K to 9.17 K.
Experiment

Experimental setup
Experimental conditions
Data reduction and measurement uncertainty
The actual heat transfer rate of water QH2O is calculated as 
where VH2O, ρH2O, and hH2O are the volumetric flow rate, density, and specific enthalpy of the cooling/heating water, respectively. The water density is evaluated at a temperature measured in a mixing chamber placed at the outlet of the test tube, as shown in Fig. 1 (a) . The inlet and outlet specific enthalpies, hH2O,i and hH2O,o, are evaluated at the inlet and outlet water temperatures, respectively. Qloss is the heat loss from the cooling/heating water to ambient air. This heat loss is preliminarily measured and proportionally correlated with the temperature difference between the cooling/heating water and ambient air. For instance, when the temperature difference is 10 K, the heat loss is approximately 6.5 W. This corresponds to 1.3% of the actual heat transfer rate. The heat flux based on the outer surface area of the test tube, qwall, is calculated as,
where Do and L are the outer diameter and active heat transfer length of the test tube, respectively. The HTC, α, based on the outer surface is defined as wall sat wall
where Twall is the average wall temperature obtained by means of the electric resistance method. From the calibration results, it was confirmed that the wall temperature can be determined with an uncertainty of ±0.078 K by the electric resistance method. Tsat is the saturation temperature calculated from the measured pressure with REFPROP 9.1 (Lemmon et al., 2013) , assuming a thermal equilibrium state. Table 3 lists the instruments, measurement methods, and measurement uncertainty. The 95% coverage of uncertainties propagated with several variables are obtained by means of the square-root rule (Taylor, 1982) , assuming independent variables and random errors. The calculation procedure is specified in Appendix A. The measurement uncertainty in the heat loss, Qloss, is unknown; therefore, 100% of the heat loss is taken into account in the uncertainty.
Refrigerant purity
The test refrigerants provided by the manufacturer were purified in the experimental apparatus before starting the experiment. Non-condensable gases are mostly contained in the vapor phase. However, even minute amounts of these gases severely diminish the free convective condensation heat transfer (Minkowycz and Sparrow, 1966) at smaller wall subcools. The condensation chamber filled with refrigerant vapor containing non-condensable gases was separated from the other volumes by closing valves, and these gases were carefully evacuated using a vacuum pump. Then, by opening the valves, the evaporated refrigerant vapor and non-condensable gasses dissolved in liquid vapor were drawn into the condensation chamber. By repeating this procedure, the non-condensable gasses were eliminated from the experimental apparatus. (Nusselt, 1916) . As the procedure is repeated, the HTC gradually increases up to the theoretical HTC. By the 6th repetition, the experimental HTC reached the theoretical HTC, which suggests an absence or negligible amount of non-condensable gasses. The 7th data series was recorded after several experimental runs. The repeatability of the experimental method is validated by the highly overlapped 6th and 7th data series.
R1233zd(E) and R245fa were also purified using the abovementioned procedure. Meanwhile, the lines show the theoretical HTC calculated by the Nusselt theory (Nusselt, 1916) :
Condensation Experiment
where 
where N is number of the data. These values, ε and 2S, are denoted in Fig. 4 . The experimental Nu of R1234ze(E) and
R1234ze(Z) distributes with a bias of +6% in a two-standard deviation of ±10%. This confirms that the calculated thermophysical properties of R1234ze(E) and R1234ze(Z) using REFPROP 9.1 are adequately accurate for predicting the condensation HTC. On the other hand, the experimental Nu of R1233zd(E) is biased by +25.4%, on average, relative to the theoretical Nu. Because of a lack of measured data on R1233zd(E) physical properties, most of the properties are estimated internally by the REFPROP 9.1 program. Hence, at present, REFPROP 9.1 cannot guarantee high accuracy in the estimated properties. Perhaps the estimation error, especially in the transport properties such as thermal conductivity, caused this considerably large bias for R1233zd(E). 
Comparison between conventional and alternative refrigerants
where L m ɺ and σ are the total mass flow rate and surface tension of the condensate, respectively. According to the report According to Yung et al. (1980) , the column mode can be seen for K-factors above 0.061. As shown in Figs. 6 (c) and (i), some liquid columns can be observed for K-factors of 0.068 and 0.061. At a K-factor of 0.069, shown in Fig. 6 (f), it appears that the shift to the column mode is somewhat more advanced. Hence, the observed condensate of the tested refrigerant meets this criterion in general.
The spacing of the falling droplet arrays and columns, denoted as X in Fig. 6 (i), is typically called a wavelength. Fig. 7 compares the wavelengths of the tested refrigerants at a saturation temperature of 40 °C. The symbols are the average of measured wavelengths at each of the six positions in the 10 photographs taken at a given condition. The wavelength of R1234ze(E) is evidently shorter than the others. The other three refrigerants exhibit similar wavelengths. A theoretical model to predict the wavelength using Taylor instability was proposed by Bellman and Pennington (1953) . Later, an empirical correlation was proposed by Armbruster and Mitrovic (1998) .
The correction factor of ( )
 was omitted here as zero. This simplification was justified by the larger measurement uncertainty for the comparison with the measured wavelengths. Despite the above, a correlation was proposed for water film evaporation, and the predicted values agreed with the measured wavelengths (within the uncertainty).
The facts found from the visualization results support the accuracy of properties influencing condensate behavior. Most likely, the liquid and vapor densities, surface tension, and liquid viscosity of R1233zd(E) are not the cause of the inconsistency in its condensation heat transfer. 
Pool Boiling Experiment
Hysteresis of nucleate boiling inception: a departure from single-phase natural convection
and the correlation proposed for the nucleate boiling of refrigerants:
Stephan-Abdelsalam (1980):
For the operation of increasing heat flux, the first two data points exhibit the single-phase natural convection HTC. Data points (a) and (b) exhibit decreasing wall superheat due to partially incipient nucleate boiling. Figs. 9 (a) to (d) are the visualization results for the data points from (a) to (d) denoted in Fig. 8. Figs. 9 (a) and (b) identify the inception of partial nucleate boiling. Then, at heat fluxes beyond 20 kWm -2 , as shown by data point (c) in Fig. 8 and the photograph in Fig. 9 (c) , the nucleate boiling is fully developed, and the experimental HTC agrees with the Stephan-Abdelsalam correlation (1980) . However, for the operation of decreasing heat flux, the HTC stays along the nucleate boiling correlation line at heat fluxes down to 1.5 kWm -2 . As shown in Fig. 9 (d) , frequent bubble departure is observed at a heat flux of 12 kWm -2 . The two different boiling curves in Fig. 8 indicate that more wall superheat is encountered by the operation of increasing heat flux for nucleate boiling inception (BarCohen, 1992; Shi et al., 1993) . According to early investigations (e.g., Lian and Yang, 1998) , this overshoot in wall superheat can be intensified with high wetting combinations of fluid and surface. The test tube was degreased and well-cleansed with ethanol immediately before the installation. With this procedure, this hysteresis was evident for all of the test refrigerants. To simplify the heat transfer assessment, hereafter, only the data for fully developed nucleate boiling are selected with visualization results. 
Comparative assessment of fully developed nucleate boiling HTC for low-GWP refrigerants
where pred and M are the reduced pressure and molar mass in kg kmol -1 of the refrigerants. Ra is the arithmetic mean surface roughness of the test tube in µm. This correlation uses the reduced parameter and does not need any transport parameters.
Comparing HTCs at a given saturation temperature and heat flux, the HTCs of R134a and R1234ze(E) are obviously higher than those of the other refrigerants. The HTC of R1234ze(E) is slightly lower than that of R134a. The HTCs of R1234ze(Z) and R1233zd(E) are slightly higher and are lower than that of R245fa, respectively. These differences are attributed to the thermophysical properties of the refrigerants. Because of the lower critical pressures of R134a and R1234ze(E) relative to the other three refrigerants, these two refrigerants are operated at higher reduced pressures and at saturation temperatures of 10 °C and 40 °C. Thus, for instance, the smaller surface tension and density ratio of liquid to vapor can be predicted from the principle of corresponding states. In numerous early studies, it was found that decreasing these properties enhances the nucleate boiling heat transfer at higher reduced pressures for most of the refrigerants, even though some other property changes such as the PrL change compensate for this. Specifically, surface tension is an important factor in determining the bubble departure diameter (i.e., equilibrium break-off diameter) Db and bubble behavior. As shown in Eq. (11), Fritz (1935) introduced a model {2σ /[g(ρL-ρV)]} 1/2 from Rayleigh's theory in which the diameter Db is dictated by the balance between buoyancy force and surface tension force under thermodynamic equilibrium. This model provides a smaller bubble diameter Db at higher pressures. Later, a relation was drawn up between the bubble departure frequency fb and diameter fbDb = const. (e.g., Malenkov, 1970) . From this relation, it is clear that bubble departure is more frequent for small bubbles. Additionally, a higher nucleation site density (or larger number of active nucleation cavities) is expected because smaller bubble embryos can grow under smaller surface tension. The surface tensions of the tested refrigerants were measured by Tanaka and Higashi (2013) and Kondou et al. (2015) . According to their work, at a given temperature, the surface temperatures of R134a and R1234ze(E) are evidently smaller than those of the other tested refrigerants. The order of surface tension is exactly the inverse of that of the HTC.
This supports the role of surface tension in nucleate boiling mentioned above. and R1233zd(E). Fig. 13 explains the procedure to measure the nucleation site density. The number of sites, where the bubble growth was observed even once in 5 sec, in a surface area of 688 mm 2 at the center of test tube was counted frame by frame. While the multiple counting was avoided by marking. As plotted in Fig.12 , the nucleation site density significantly increases with increasing reduced pressure. This means the increase in the number of active nucleation cavities on the surface of the test tube. Conversely, the estimated bubble departure diameter, Db, decreases. Meanwhile, the HTC increases, as indicated in Fig. 11 . These visualization results thereby identify the bubble behavior and the abovementioned mechanism of nucleate boiling enhancement. The higher performance of nucleate boiling heat transfer can be expected for systems operated at higher temperatures (i.e., at higher reduced pressures) for R245fa, R1234ze(Z), and R1233zd(E).
Comparison for correlations with "estimated transport properties"
Recently, thermodynamic property data and equations of state (Akasaka, 2011; Hulse et al., 2012; Higashi et al., 2014; Mondejar et al., 2015) and surface tension data (Tanaka and Higashi, 2013; Kondou et al., 2015) were reported for the low-GWP refrigerants tested here. Transport properties were reported by Perkins and Huber (2011) and Miyara et al. (2011) for R1234ze(E). Nevertheless, the data are still insufficient or unavailable for R1234ze(Z) and R1233zd(E).
Therefore, REFPROP 9.1 (Lemmon et al., 2013) claims an estimation uncertainty of 20% for these transport properties.
The HTC prediction is highly difficult with physics-based correlations. In addition to the above correlations, including
Stephan-Abdelsalam (1980) and Ribatski-Jabardo (2003) , for comparison, the following two correlations were selected: Jung et al. (2003) : 
where (dP/dT)sat, at pred=0.1 in Eq. (14) is the slope of the saturation vapor pressure curve at a reduced pressure of 0.1. Table 5 lists the relative bias, ε , and standard deviation, S, of the calculated HTC, αcal, from the experimental HTC, αexp, for each correlation. Among the selected correlations, that of Ribatski-Jabardo (2003) showed the best agreement with the experimental data. This correlation uses no specific property data but only reduced pressure. Hence, only the critical pressure is necessary. This simple method successfully evaluates HTC relativity with very limited information, whereas the correlations that require transport properties such as λL and aL can result in different HTC relativity even among R245fa, R1234ze(Z), and R1233zd(E) with the currently available data. Once accurate transport property data are reported, the prediction results on nucleate boiling HTC should be improved.
Conclusions
Free convective condensation and pool boiling HTC on horizontal plain tubes have been experimentally assessed for the low GWP refrigerants R1234ze(E), R1234ze(Z), and R1233zd(E).
As the elimination of noncondensable gases proceeded, the free convective condensation HTC increased up to the HTC of Nusselt theory. The HTC of R1234ze(E) is slightly lower than that of R134a. The HTCs of R1234ze(Z) is somewhat higher than that of R245fa; while the HTC of R1233zd(E) is comparable to R245fa. The experimental condensation HTC agrees with Nusselt theory, except for R1233zd(E). Only the data of R1233zd(E) deviates beyond the measurement uncertainty from the theoretical HTC calculated with the estimated transport properties. By the observation of falling condensate, the shift from droplet to column mode was confirmed at a K factor of nearly 0.061, which meets the criterion of Yung et al. (1980) . The wavelength was identical to the prediction of Armbruster and Mitrovic (1998) .
The observation results suggest that the calculated liquid and vapour densities and surface tensions are adequately accurate.
From the viewpoint of nucleate boiling heat transfer on horizontal tubes, low GWP refrigerants R1234ze(E), R1234ze(Z), and R1233zd(E) are assessed at saturation temperatures from 10 °C to 60 °C and heat fluxes from 0.7 kWm -2 to 80 kWm -2 . The pool boiling HTC of R1234ze(E) is slightly lower than that of R134a, whereas the HTCs of the other three refrigerants are significantly lower. The HTC of R1234ze(Z) and R1233zd(E) is slightly higher and is lower than that of R245fa, respectively. This HTC relativity can be explained with vitalized bubble size, nucleation site density, and surface tension data. Among the selected correlations, that of Ribatski-Jabardo (2003) using only reduced pressure (i.e., critical pressure) showed the best agreement with the experimental data. This simple method successfully evaluates HTC relativity with very limited information. For the prediction methods based on physical properties, accurate transport property data are needed.
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Appendix A. Uncertainty analysis
For a system involving independent and random errors, the error propagation of 95% coverage by the several variables can be given by a square-root rule (Taylor, 1982) . With this method, the uncertainty in the experimentally quantified values in this study is estimated.
The heat transfer area is given as,
Thus the uncertainty in the heat transfer area UA is calculated from the following equations.
where o D U and L U are the uncertainty in the tube outer diameter and the active heat transfer length, listed in Table 3 .
While, the uncertainty in actual heat transfer rate obtained from Eq. (1) is estimated as, 
The degree of wall subcool and superheat is,
The saturation temperature Tsat is a function of pressure. Thus, the uncertainty in saturation temperature sat T U is determined from the measured pressure P, the uncertainty UP, and the calculation uncertainty from REFRPOP. The uncertainty in saturation temperature caused by the uncertainty of pressure measurement is approximately 0.05 K. On the other hand, the calculation uncertainty in saturation temperature from the equation of state in REFPROP is within 0.006 K (Akasaka et al., 2014; Mondéjar et al., 2015) . Thus the total uncertainly in the saturation temperature is estimated to be 0.056 K. The uncertainty in tube wall temperature wall T U is obtained from the calibration results as listed in Table 3 .
From these, the uncertainty in degree of wall subcool and superheat is, Taylor, J.R., 1997. An introduction to error analysis, second ed. University science book, 73-77. (a) R134a at 20 ºC (pred = 0.14) and 20 kWm -2 , α = 5.45 kWm -2 K -1 (b) R1234ze(E) at 20 ºC (pred = 0.12) and 20 kWm -2 , α = 4.21 kWm -2 K -1 (c) R245fa at 20 ºC (pred = 0.03) and 20 kWm -2 , α = 2.00 kWm -2 K -1 (d) R1234ze(Z) at 20 ºC (pred = 0.04) and 20 kWm -2 , α = 2.46 kWm -2 K -1 (e) R1233zd(E) at 20 ºC (pred = 0.03) and 20 kWm -2 , α = 1.66 kWm -2 K -1 (f) R1234ze(Z) at 60 ºC (pred = 0.15) and 20 kWm -2 , α = 4.87 kWm -2 K -1 . 
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